Abstract : Semi-diurnal internal tides and near-inertial waves are investigated using moored current meter measurements at four sites along the shelf break of the East China Sea during August 1987 and May-June 1988. Each mooring is equipped with four current meters spanning from near surface to near bottom. Spectral analyses of all current data reveal dominant spectra at the semi-diurnal frequency band, where the upper and lower current measurements show out-of-phase relationship between them with significant coherences. These are consistent with typical characteristics of the first-mode semi-diurnal internal tide. Strong intensification of the near-bottom baroclinic currents is observed only at one site, where the ratio of the bottom slope to the slope of the internal-wave characteristics at the semi-diurnal frequency is close to unity. An energetic near-inertial wave event is observed during the first half of May-June 1988 observation at two mooring sites. Rotary spectra reveal that the most dominant signal is clockwise rotating motion at the near-inertial frequency band. Upward phase and downward energy propagations, shown in time-depth contour plots of near-inertial bandpass filtered currents, are confirmed by cross correlations between the upper-and lower-layer current measurements. The upward-propagating phase speed is estimated to be about 0.13 cm s −1 at both sites. Significant coherences and in-phase relationships of near-inertial currents at the same or similar depths between the two sites are observed in spite of their long distance of about 110 km.
Introduction
The East China Sea (ECS) is a marginal sea located between Korea, China, and Japan. It has a wide continental shelf in the northwestern side which connects to a deep trough in the southeastern side through a steep continental slope (Fig. 1) . In the ECS, semi-diurnal tides are stronger than diurnal tides with predominance of the onshore tidal currents (Choi 1980; Larsen et al. 1985) . Baines (1982) predicted that the ECS continental slope is one of the energetic internal tide generation regions in the global ocean. Using full three-dimensional numerical simulations, Niwa and Hibiya (2004) showed that energetic barotropic-to-baroclinic conversion of M2 tidal energy distributes along the continental shelf break in the ECS.
Using data from an underwater sliding vehicle and a shipboard acoustic Doppler current profiler (ADCP), Kuroda and Mitsutera (1995) investigated the structures of internal tides near the ECS shelf break. Matsuno et al. (1997) studied the small scale internal waves near the ECS shelf break and turbulent fluctuations near the bottom from current data collected for a few days. However, internal wave studies using relatively long-term current moorings (> 2 weeks) are rare in the ECS probably because of the frequent fishing activity which prevents moorings from being safely retrieved.
Near-inertial waves (NIWs) are a ubiquitous physical process which can be observed in continental shelf regions, open oceans, enclosed basins and large lakes widely in the world (e.g., Kunda 1976; Millot and Crepon 1981; Baines 1986; Lie 1988; Park and Watts 2005; Park et al. 2010) . The characteristics of NIWs are summarized briefly as follows: 1) The spectral peak is very close to the local inertial frequency, but generally slightly above (blue shift).
2) The horizontal velocity vector rotates clockwise in the Northern Hemisphere. 3) Vertical coherence scales are of the order of a few tens of meters, whereas the horizontal coherence scales are of the order of a few tens of kilometers. 4) The oscillations are intermittent and last only a few periods. 5) There is a correspondence between the passage of storms and the NIW events in the surface layer. 6) Wind-induced NIWs show upward (downward) propagation of phase (energy).
In this study, we present current measurements dominated by semi-diurnal and diurnal variations from four moorings deployed along the ECS shelf break. Each mooring is equipped with four current meters spanning from near surface to near bottom. We show the semidiurnal current variations agree with characteristics of the first-mode baroclinic internal tide, and diurnal current variations are caused by NIWs. Vertical and horizonal scales of NIWs and their possible energy source will be discussed.
Data and Methods
Moored current meter measurements were conducted at four sites along the ECS shelf break during August 1987 and May-June 1988 (Fig. 1) . At each site, the current data were recorded every 30 minutes at four depths. Locations, depths, and mooring periods are summarized in Table 1 . During the current measurements, conductivity-temperature-depth (CTD) surveys were also conducted along several sections across the shelf break, and some of them coincide with mooring sites. Temperature and salinity profiles collected on July 24 and August 2, 1987, and May 4 and June 6, 1988 are used to estimate the buoyancy frequency (N) profiles at the four mooring sites. Details on the mooring and CTD survey data are found in Song et al. (1989) and Guo et al. (1989) . Holloway (1983; 1984; 1985) estimated the barotropic and baroclinic currents using current data measured at three or four depths in the Australian North-West Shelf and showed the major characteristicsof semi-diurnal internal tides. To estimate the baroclinic currents we here utilize the method of Holloway as follows. First the Fig. 1 Spectral analysis including rotary spectra is applied to the current records using block averaging in the frequency domain to increase the confidence of spectral estimations (Emery and Thomson 2001) . Time series of currents were divided into equal-length blocks, each block having 128 data points, corresponding 2.67 days. The final result is expressed as the ensemble-average spectra of all blocks. All spectral analyses in this study are carried out using the same procedure. The coherences and phase differences are computed for pairs of current measurements at different depths at each mooring and for pairs of current measurements at the same or similar depth between C2 and C3 and between C6 and C7.
It is difficult to differentiate diurnal tidal currents and NIWs from our short-period current measurements, because the inertial frequencies at C6 and C7 (0.0417 and 0.0429 cph, respectively) and the frequencies of diurnal tides (0.0418 and 0.0387 cph for K1 and O1, respectively) are too close to be resolved in our spectral analysis. Two frequency bands centered at 1/(12.8 h) (0.078 cph) and 1/(25.6 h) (0.039 cph) are picked as the semi-diurnal and inertial frequency bands, respectively.
We carry out a filtering procedure to extract the oscillating variabilities of currents at the inertial frequency band. We use a third-order bandpass Butterworth filter with cutoffs at 22 and 26 h. The filtering is carried out in the forward direction, and then the filtered sequence is reversed and run again through the filter in order to eliminate all phase shifts (Emery and Thomson, 2001) .
Wind stress data from the NCEP/DOE AMIP-II Reanalysis (Reanalysis-2) product with 6-hour interval and ~2-degree resolution are used to investigate the NIW generation forcing. Inertial currents in the mixed layer are computed using a damped slab model applying correction for the finite sampling interval of wind stress (Niwa and Hibiya, 1999) . For this computation, the decay time scale of inertial currents and the mixed-layer depth are set to constant values of 4 days and 30 m, respectively. Semi-diurnal barotropic tidal currents are more dominant than diurnal barotropic tidal currents in the ECS as mentioned above. However, current records at C6 shown in Fig. 2 Table 2 lists coherences and phase lags at the semidiurnal frequency band (1/12.8 cph) between two different depths at each current mooring site. Coherences of crossslope currents between 20 and 90 m at C2 and 20 and 145 m at C7 show the maximum values of 0.93. Coherences of cross-slope currents between the upper and lower layers at C3 and C6 are equal or larger than 0.8. All of these highly coherent pairs show out-of-phase relationships. Overall, coherences of cross-slope currents show higher values than those of along-slope currents, and coherences between upper and intermediate or intermediate and lower layers are relatively low.
Results

Semi-diurnal internal tides
From boussinesq momentum equation, a well-known propagating internal wave equation can be obtained (Phillips 1977; Munk 1981) . For propagating internal waves of the form (z)e i(kx−σt)
, the vertical displacements are described by (1) where k is the horizontal wave number, σ the frequency of internal wave, f the Coriolis parameter, z the vertical where g is the gravity and ρ the water density. The solutions of equation (1) can be obtained by solving the eigenvalue problem with boundary conditions defined as ζ = 0 at z = 0 and z = −H, where H is the water depth.
From the solution of (1), the horizontal velocity is obtained as Fig. 3 shows an example of the modal structures of vertical displacements and horizontal currents for the first three modes computed using a CTD profile collected at C7 on June 6, 1988, the last day of current measurements. The modal structures computed using hydrocasts at other moorings are similar to those shown in Fig. 3 (not shown) . The observed out-of-phase relationships of semi-diurnal baroclinic currents between upper and lower layers is consistent with the estimated first baroclinic-mode structure. This suggests that the first baroclinic-mode semidiurnal internal tides are dominant in this region.
Harmonic analysis of baroclinic currents at M2 tidal Lie et al. (1996) reveals the strongest amplitudes in the lower layer (90 and 125 m) at C2 (Table 3) , which are larger than that of 20 m at the same site and those of near-bottom currents at other sites by factors of about two to five on average. Correspondingly, the spectral density of near-bottom cross-slope baroclinic currents at C2 reveals the highest peak at the semi-diurnal frequency band as shown in Fig.  4 . These results imply that the semi-diurnal internal tides at C2 are intensified in the lower layer. The intensification of near-bottom internal tidal currents occurs in a region where the internal wave characteristics agrees with the local bottom slope (e.g., Huthnance and Baines 1982; Holloway 1985; Kuroda and Mitsudera 1995; Park and Watts 2006) . The internal wave characteristics, the slope of internal wave energy propagation direction, is defined as (Baines 1982) (2) At each mooring site, the bottom slope (s) is calculated using the 30-second high-resolution global topography data (SRTM30 PLUS obtained from http://topex.ucsd.edu/ WWW_html/srtm30_plus.html). The near-bottom N, s, c and s/c are summarized in Table 4 . Fig. 1 shows that the site C2 is located near the steepest bottom slope among the four mooring sites, and hence it has the largest s. The s/c values are less than unity at all sites, yet the ratio s/c at C2 is 0.94 close to unity. This accounts for the observed intensification of semi-diurnal internal tides in the lower layer at C2.
Near-inertial waves
Rotary spectra of currents at C6 and C7 show significant spectral peaks at the diurnal frequency band (Figs. 5 and 6). They reveal predominant energy density in the clockwise rotational component than in the counterclockwise one. The clockwise peaks at the diurnal frequency are higher than those at the semi-diurnal frequency except near-bottom current spectra. Diurnal tidal currents in the ECS shelf break is less than 10 cm s −1 (Choi 1980; Larsen et al. 1985) and should be less energetic than the semi-diurnal tidal currents. Therefore, the remarkable clockwise spectra at the diurnal frequency are most probably caused by the NIWs. In order to assess the existence of NIWs, we examine the coherences and phases of the baroclinic currents at the diurnal frequency. Table 5 shows the results between two different depths at C6 and C7. The coherences are significantly high for pairs of 20-80 m at C6 and 20-90 m at C7 with out-of-phase relationships. This corresponds to a baroclinic first-mode structure, one of the typical NIW characteristics in the continental shelf region when a seasonal thermocline is well developed there (e.g., Baines 1986; Jacobs et al. 2001) . The currents at the same or similar depths between C6 and C7 also show significantly high values (Table 6 ). Unlike the vertical comparisons, the phase lags are small at the same or similar depths between C6 and C7 though their distance is about 110 km. These results support that an energetic NIW event with a horizontal scale larger than 110 km coexisted at C6 and C7 during the observational period.
The phase of wind-induced NIWs propagates upward and their energy propagates downward throughout the water column (e.g., Kundu 1976; Leaman 1976; Lie 1988) . In order to examine the properties of vertical propagation, contour plots of near-inertial bandpass filtered u and v at C6 are constructed during the first half of observation using the four-depth records (Figs. 7a and 7b ). The plots in Fig. 7 show the evolution of the horizontal current fields at the near-inertial frequency as time progresses. They show clear features of upward-propagation of phase with time. In addition, a downward propagation of wave packet is also seen in both contour plots, which indicates the downward energy propagation of NIWs. The downward (upward) energy (phase) propagation indicates that the energy source of the NIWs is the upper ocean, which means the observed NIWs were generated by winds (e.g., Pollard 1970; Gonella 1971; Kundu 1976; Anderson et al. 1983; Chen et al. 1996) . Time series of wind stress near C6 from the NCEP/DOE Reanalysis-2 product reveal that a sudden wind event occurred on May 18-19, 1988 (Fig. 8a) , when the currents at C6 and C7 showed an NIW development. Time series of the predicted mixed-layer NIWs using a damped slab model show a corresponding NIW event staring from May 19 (Fig. 8b) . The amplitudes of predicted NIWs are comparable with those of observed NIWs at 20 m of C6 (dashed line in Fig. 8b ), which supports that the sudden wind event can be the energy source of the NIWs observed at C6 and C7. 
Summary
Semi-diurnal internal tides were observed at the ECS shelf break from current measurements during August 1987 and May-June 1988. The cross-slope baroclinic currents in the upper and lower layers were highly correlated with out-of-phase at the semi-diurnal frequency, which is explained by the first baroclinic modal structure. The ratio was between the bottom slope and internal wave characteristics at C2 was close to unity and consistently a strong bottom intensification was observed there.
Energetic NIWs were detected in current observations at C6 and C7 during late-May 1988. Rotary spectra revealed that the currents were dominated by clockwise rotation at the diurnal frequency. High coherences and out-of-phase relations were estimated at both u-and vcomponents between 20 and 80 m at C6 and between 20 and 90 m at C7. Currents at the same or similar depths between C6 and C7 showed high coherences and inphase relationships at the near-inertial frequency in spite of their long distance of about 110 km. Contour plots of near-inertial bandpass filtered currents and lagged correlation functions showed upward phase propagation with phase speed of about 0.13 cm s −1
. A damped slab model predicted that a sudden wind event at the beginning of current observations would be the energy source of the observed NIWs.
In the ECS, distinct fronts are formed by abundant land-origin fresh waters discharged from China and the salty Kuroshio waters (Lie and Cho 2002) . The observations discussed in this study suggests that high-frequency perturbations caused by such as semi-diurnal internal tides and NIWs are expected to make significant influences on exchanges between the shelf and Kuroshio waters in this region.
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